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Abstract--A time-dependent one-dimensional model of the active magnetic regenerator (AMR)  
that takes into account most of the physical and practical design problems for the AMR is developed 
as a highly nonlinear system of partial differential equations. The adequateness of the model is 
tested in the case where there is no magnetization or demagnetization, which is the so-called passive 
regenerator (PR), through numerical experiments and comparison with experimental results. Highly 
dependable approximation functions for the physical properties of the heat transfer fluid (water) and 
the heat capacity of the magnetic material (gadolinium) are obtained by using the least squares curve 
and surface fitting techniques. The technique of calculation of values of the thermo-magnetic function 
of the magnetic material through the values of the adiabatic temperature change of the material is 
worked out and an approximation surface for the adiabatic temperature change of the material is 
obtained. The numerical scheme for the computer simulations of the active magnetic regenerator is 
developed and its performance analyzed for stability and convergence. (g) 2005 Elsevier Ltd. All 
rights reserved. 
Keywords - -Magnet ic  refrigerator, Active magnetic regenerator, Passive regenerator, Modeling 
and numerical scheme, Numerical simulation. 
NOMENCLATURE 
a contact area of the fluid and 
magnetic material per unit of bed 
volume, [m -1] 
Ac cross-section area of the bed, [m 2] 
H magnetic induction, [Tesla] 
cm heat capacity of the magnetic 
material, [J. kg -1 . K -1] 
cp heat capacity of the fluid, 
[J.kg -I .K -1] 
Dp effective particle diameter, [m] 
f /  fluid friction factor, [dimensionless] 
h heat transfer coefficient between 
the fluid and magnetic material, 
[W. m -2 • K -1] 
ki thermal conductivity of the fluid, 
[W' m -1 • K -1] 
km thermal conductivity of the 
magnetic material, [W • m -1 • K -1] 
0898-1221/05/$ - see front matter (~) 2005 Elsevier Ltd. All rights reserved. Typeset by .A.MS-TEX 
doi: 10.1015/j.camwa.2004.07.026 
1526 
L 
¢n 
P 
Qs 
Qloss 
Qm 
Qmax 
Re 
Tcold 
TI 
Thor 
Th,out 
Tm 
S 
t 
B. M. SIDDIKOV et al. 
bed length, [m] 
fluid mass flow rate, [kg. s -1] 
time period of the flow in either 
direction, [s] 
heat flow in fluid, [W] 
heat loss, [W] 
heat flow in magnetic material, [W] 
maximum heat transferred, [W] 
Reynold's number, [dimensionless] 
temperature of the cold reser- 
voir, [K] 
fluid temperature, [K] 
temperature of the hot reser- 
voir, [K] 
average value of the temperature of 
the exiting fluid, [K] 
temperature of the magnetic 
material, [K] 
specific entropy of the magnetic 
material [J • kg -1 • K -I] 
chronological coordinate, 
[dimensionless] 
d coefficient of thermal dispersion, 
[m 2 . s -1] 
If fluid volumetric flow rate, 
[m 3 .s-l] 
x spatial coordinate, [dimensionless] 
GREEK SYMBOLS 
At chronological step-size, [dimension- 
less] 
Ax spatial step-size, [dimensionless] 
6 steady state condition, [dimension- 
less] 
e bed porosity, [dimensionless] 
U efficiency of the passive regenera- 
tor, [dimensionless] 
A ineffectiveness of the passive 
regenerator, [dimensionless] 
viscosity of the fluid, [kg.m -1 .s -1] 
spatial coordinate, [dimensionless] 
density of the fluid, [kg. m -3] 
density of the material, [kg. m -3] 
PI 
pm 
1. INTRODUCTION 
Magnetic refrigeration (MR) is rapidly developing and becoming competitive with conventional 
gas compression technology, primarily because the most inefficient component of the refrigera- 
to r - the  compressor-- is eliminated. In addition, MR operating near room temperature provides 
important environmental benefits. MR uses a solid magnetic material as the cooling source and 
water (perhaps with antifreeze additives) as the heat transfer medium. There is no need to use 
volatile chemicals with potential environmental problems. 
MR is based on the magnetocaloric effect, where a magnetic material changes its temperature 
with variations of magnetic field. One of the key components of MR is the active magnetic regen- 
erator (AMR), which produces refrigeration without gas expansion by using the magnetocaloric 
effect. An AMR cycle consists of four operations: bed magnetization, warming of the magnetic 
material; fluid flow from cold to hot reservoirs through the bed, transferring heat to the hot heat 
exchanger, HHEX (this semicycle is called the hot blow period); bed demagnetization, cooling of 
the magnetic material; fluid flow from hot to cold reservoirs through the bed, and absorption of 
heat at the cold heat exchanger, CHEX (called the cold blow period) [1,2]. Regeneration occurs 
during fluid flows. A schematic of the AMR is illustrated in Figure 1. 
Recent intensive researches in the field of MR have led to the design of laboratory, recipro- 
cating and rotary active magnetic regenerative refrigerators (AMRR) for the temperature span 
between 20 and 70 degrees Kelvin, as well as near room temperature [3-6]. This progress makes 
MR a very promising technology and opens the door to new applications of MR in the industry 
of refrigeration. 
To predict operating characteristics and improve the design of the AMRR it is desirable to 
develop mathematical  models for AMR and accurate, stable numerical solvers of the model. 
One model [7] stands out as potentially the best description of actual performance, but this 
model has no numerical scheme nor computational validation to our best knowledge. It is a 
demanding computational problem, which explains why more progress has so far been achieved 
on the experimental front. This paper reports on the development of such a simulator. 
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Figure 1. Schematic ofthe active magnetic regenerator. 
2. MATHEMATICAL  MODEL OF  THE 
ACT IVE  MAGNETIC  REGENERATOR 
One-dimensional time-dependent models of the AMR have been developed in [1,2,7-9] based 
on the law of energy conservation. The most detailed model, which takes into account he axial 
thermal conduction in the bed, thermal dispersion, and dissipation of heat as a result of friction 
in fluid, has been developed in [7] through the following nonlinear system of partial differential 
equations (PDE): 
OTf f/ 0 h .a  
ot = Ac Pl cp'O (PI'cp'Ts)+--'(Tm-Ts) 
. • • e . p f  .cp 
1 o [ OTs] (1 - s). V3. f f  
+ ~. pf.  c---p" O'--x (s. kf + d). Ox J + E4. Ac 3 . Dp ' (1) 
OT,~ h .a  OTm s dH 1 0 ( OTm) 
= (1 -s ) .p ,~.cm(T / -Tm)+~ "-~+--'p,~.c~ --Ox km.~ , (2) 
where Tf = Ty(x,t) is the fluid temperature; Tm = Tm(x,t) is the bed temperature; x is the 
spatial coordinate (0 < x < L); t is the chronological coordinate (0 < t < P); h = h(Re) is the 
heat transfer coefficient between the fluid and magnetic material; a is the contact area of the 
fluid and material per unit of bed volume; Ac = Ac(x) is the cross-sectional area of the bed; E is 
the bed porosity (pore volume ratio); H = H(x, t) is the magnetic induction; c,~ = cm(T,~) is 
the heat capacity of the material; p,~ is the density of the material; S is the specific entropy of 
the magnetic material; L is the bed length; P is the time period of the flow in either direction; 
km= kin(Tin) is the thermal conductivity of the material; py = pf(Ty) is the density of the fluid; 
cp = cp(Ty) is the heat capacity of the fluid; Dp is the particle diameter; f f  = f f (Re)  is the 
fluid friction factor; ~" is the volumetric flow rate; ky = kf(Tf) is the thermal conductivity of the 
fluid; d = d(Re) is the coefficient of thermal dispersion; # = #(Tj) is the viscosity of the fluid; 
and Re = Re(Tf) is the Reynolds number. 
To our best knowledge numerical modeling of the full AMRR case, which takes into account 
most of the physical properties of the AMRR such as axial thermal conduction i  the bed, thermal 
dispersion, and dissipation of heat as a result of friction in the fluid, has no established test cases 
published. To test the adequateness of model (1), (2) and develop the numerical scheme for solving 
it we simplify the model by assuming there is no magnetization r demagnetization. I  that case, 
~HIS "'~-d/~ = 0 in (2), and the active magnetic regenerator perates as a thermal sponge; thus 
it is passive [10]. 
3. NUMERICAL  SCHEME FOR THE 
PASS IVE  REGENERATOR MODEL 
For the passive regenerator case, an AMR complete cycle reduces from four to two periods: the 
hot and cold blow periods. The physical properties of the fluid: cp (Tf), k/(Tf), pf (T/), and # (Tf), 
are obtained from experimental measurements [11]. The presence of variable physical quantities 
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under derivatives of the PDE, together with the huge number of computations involved in the 
numerical scheme, necessitates a very careful and highly efficient interpolation of the physical 
data. In particular, traditional cubic spline or other approximations are not to be used due to 
the computational complexity in evaluation. The following approximation curves are obtained 
by using a least-squares curve fitting technique: 
{ 0090449  
%(Tf) = exp 10.2192 + 0.00133455. Tf - 0.40046. Ln(Tf)  + Tf - 264 J '  (3) 
kf (Tf) = -0.71942 + 0.0072455. Tf - 0.00000937. T~; (4) 
pf(Tf)  = 753.6 + 1.87747-Tf - 0.003564. T}; (5) 
#(Tf) = exp {9.2252 - 0.085639. Tf + 0.0001047. T~}. (6) 
In (3)-(6), the Tf parameter 264 was found by numerical experiments and the rest of the 
parameters were obtained by the least-squares curve fitting procedure. The class of approximating 
functions, such as rational, logarithmic, and exponential functions, was selected as result of 
mathematical intuition and numerical experiments. The goal of the selection of approximation 
functions was to obtain the best dependable fitted curves. To measure the dependability of the 
fitted curves (3)-(6), corresponding values of R 2 were calculated, where R 2 is given by [12] 
R2 = E (9 - 2 
E - (7) 
In (7), y is the measured ata, ~ is the estimated (calculated) value, and zj is the mean of y. 
The value of R 2 (e.g., R 2 = 0.978) indicates the degree of correlation (e.g., 97.8% of the total 
variation present). 
We have obtained the following values of R 2 for (3)-(6), which indicates high dependability 
of the fitted curves: 99.9%, 100%, 99.9%, and 99.9%, respectively. One of the difficulties in 
this work is determination of the heat capacity of the magnetic material (gadolinium), Cm = 
c,~(T,~, H), which depends on the temperature of the material, T,~ = Tin(x, t), as well as on the 
magnetic induction, H = H(t). We have obtained an excellent (R 2 = 98.8%) approximation 
surface for cm = cm (Tin, H) by using the least-squares surface fitting technique and experimental 
measurements [13] at 460 data points 
/ (-0.002720 •H 4 + 0.075069. H 3 - 0.734523- H 2 + 2.926566. H am(Tin, H) Cm exp 
-3.444731). (T,~ - 295.0) • ((Tin - 295.0) 2+ 120.0)-1 
+ (0.025744. H a - 0.603686 •H 3 + 4.606541 •H 2 - 10.484562 • H 
-8.657366).  (Tin - 320.0) • ((T~ - 320.0) 2 + 3000.0) -1 
+0.00001 •(0.003074 •H a - 0.066150 •H 3 + 0.454155 •H 2 - 1.026148 - H 
+0.390846)- ((T.~ - 289.079)2/3) 4 
+0.001. (-0.001389. H 4 + 0.029987. H 3 - 0.207551 •H 2 + 0.479857. H (8) 
-0 .191559) - ( (T ,~-  289.079)2/a)  
+0.01 • (0.002090 •H 4 - 0.045277 •H 3 + 0.316508 •H 2 - 0.757971 •H 
+0.333647). ((Tin - 289.079)2/3) 2 
+0.1 • (-0.001171 •H 4 + 0.025369 •H 3 - 0.178991 •H 2 + 0.454110. H 
+0.000340 • H 4 - 0.007383 •H 3 + 0.051541 •H 2 - 0.120629 •H + 5.652936~. 
J 
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Figure 2. The fitted surface of the heat capacity of gadolinium, Cm = c,~(Tm, H). 
In (8), the Tm parameters of the approximation surface: 295.0, 120.0, 320.0, 3000.0, and 
289.079 were found by numerical experiments, andthe rest of the parameters were obtained by 
the least-squares surface fitting procedure. 
In Figure 2, the fitted surface of the heat capacity of the magnetic material is illustrated. 
The heat transfer coefficient between the fluid and bed, h(Re), is obtained from empirical corre- 
lation for packed particle beds [14]. The fluid friction factor, f f (Re),  and the coefficient of thermal 
dispersion, d(T:), are calculated using well-established empirical correlations from [15-17]. 
The efficiency of the regenerator, ~, is calculated by a formula from [9] 
= 1 - A, (9) 
where I is the ineffectiveness of the regenerator, defined as the ratio f the heat loss, Qloss, to 
the maximum heat that can be transferred, Qm~x. In [9], I is given by 
A - Qloss _ (rh. Cp)Hh" (Thot -- Th,out) (10) 
Qmax (dn. Cp)HC" (Thot -- Tcold) ' 
where (Th • Cp)Hh is the average heat capacity of the fluid flow between temperatures Th,out 
and Thot, and (rh. Cv)gc is the average heat capacity of the flow fluid between temperatures Tcold 
and Thor. Here, Th,out is the average value of the temperature of the exiting fluid at the hot end 
and rh is the mass flow rate. Since dn = V'. pf, (10) becomes 
A = (pf" Cp)Hh" (Thot -- Th,out) (11) 
(p: .  cp)Hc. (Thor - Tcold) ' 
where 
~0 
1 
Th,o,t = T: (1, t) dt, 
1 fno, 
(p:" C~)Hh -- Thot -- T,.out ~,~ .... p/(T:). MT:)  dT:, 
1 :T~o~ 
(pf" Cp)gC - -  Thor -Tcol d JTcold p/(T:). %(TI) dTf. 
In (13) and (14), cp(T/) and pf(T:) are defined by (3) and (5), respectively. 
(12) 
(13) 
(14) 
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We employ a finite-difference method to solve numerically the system of highly nonlinear partial 
differential equations (1) and (2). For simplicity, we use dimensionless patial coordinate, x, and 
chronological coordinate, t where x = Xold/L and t = $old/P. Two boundary conditions are 
imposed on the regenerator: the fluid enters the bed at the temperature of the cold reservoir Tcold 
during the hot blow period and at the temperature of the hot reservoir Thor during the cold blow 
period. 
To solve (1) and (2) numerically for the hot blow period, we note that Tm(-Ax, t) = Tcold 
and Tm(1 + Ax, t) = Thor, where 0 < t < 1. At the beginning of the simulation, we assume the 
fluid and magnetic material have the same temperature profile throughout the bed defined by 
the linear formula: Tm,/(x, 0) = (Thot - Tcold) • x + Too]d, where 0 < x < 1. In (1) and (2), we 
use a standard two-point forward difference approximation formula for °To-~( , a two-point central 
difference approximation formula for ~ ,  and a three-point central difference approximation 
formula to approximate ~ ' .  Then we explicitly solve (1) for T f ( i , j+ l )  and (2) for Tm(i,j+l) 
to calculate values of Tm,f at grid points (i, j + 1), where Tin,/(i, j)  = T,~,/(xi, tj), x~ = ( i -1) .  Ax, 
Ax = 1/M, tj = ( j -  1).At, At = 1/N, i = 1 , . . . ,M+I ,  and j -- 1 , . . . ,N+ 1. To calculate the 
value of T] at the grid point (M + 1,j + 1), we use a two point backward approximation formula 
OTz to approximate ~ and solve (1) for T/(M + 1,j + 1) explicitly. 
To solve (1) and (2) numerically for the cold blow period, we introduce anew variable ( = 1 -x ,  
where 0 < x < 1. Then we apply the same technique as in the hot blow period case. We accept 
temperature profiles of the magnetic material and fluid throughout the bed at the end of the 
previous hot blow period as initial ones for the cold blow period. 
Calculations were carried out until the system reached a steady cyclic state, that is, when 
{T.~(x, 1)}p~ - {Tm(x, 1)}pc_ 1 < (~, (15) 
where 0 <: x < 1; subscripts pc and pc -  1 refer to the present and the previous cycles, respectively. 
We have determined empirically that ~ = 10 -4 ° K is a sufficient condition for steady state. 
4. COMPUTATIONAL RESULTS FOR 
THE PASS IVE  REGENERATOR MODEL 
Temperature profiles of the fluid and bed as well as efficiency of the regenerator a e obtained 
as a result of the computations, which were done in FOt{TRAN. Figures 3 and 4 show computed 
temperature profiles over the first and last complete AMR cycles, respectively, where profiles are 
shown at equal time intervals (t -- 0, 0.25, 0.5, 0.75, 1). The uppermost (lowermost for the cold 
Bed Temperature (Hot Blow Period) Bed Temperature (Cold Blow Period) 
298"~ / 2981 ~ \ \ \ 
296 2961 1 ~ ~ \ 
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288 288-  "-,,,'-,,, \ 
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. . . . . .  . . . . ,  . . . .  , . . . . .  . . . .  I 
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Figure 3. Bed temperature profile over the first AMR complete cycle. 
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Figure 4. Bed temperature profile over the last AMR complete cycle. 
blow period) profile shows the bed at the start of the AMR cycle for the hot blow period. Lower 
(upper) profiles in succession show successively ater time intervals with the lowest (respectively, 
highest) profile representing the bed at the end of the AMR cycle. 
In this sample problem, the hot and cold fluid flow periods are 3.0s. The temperatures of
the cold and hot reservoirs are 280 ° K and 300 ° K, respectively. The number of grid points is 
81 x 25601 (M = 80 and N = 25600). The volumetric fluid flow rate is 0.001 m3/s. The bed 
length and cross-section area are 0.1 m and 0.08m 2, respectively. The particle size is 0.0005m. 
The bed porosity is 0.35. For this sample problem a steady cyclic state is reached after 115 AMR 
complete cycles. The efficiency of the regenerator, ~?, is 98.7%. 
5. CONVERGENCE AND STABIL ITY  OF  THE 
SCHEME FOR THE PASS IVE  REGENERATOR MODEL 
For the one-dimensional transient heat equation, numerical instability is typically caused by 
discretization with improper interval size. In the linear case the stability condition for the explicit 
central difference method is given [18] by the inequality At <_ Ax2/r, where r = 2; it has been 
shown in [18] that for the nonlinear case r must be selected greater than 2. 
In our computations, we used r -- 4 to demonstrate he numerical stability and convergence 
of the scheme. Because of the high nonlinearity of systems (1) and (2), we apply the following 
practical convergence riteria, which is used widely in nonlinear cases: 
II I JII - *  0, as k --~ c~, (16) 
where ~[k] is a numerical solution of an equation. In Table 1, computational results of testing 
the scheme for convergence are given, where Axk = 1/Mk and Atk = Axe~4, i.e., Nk = 4 M~. 
Table 1 shows numerical convergence of the scheme in the sense of (16). 
Table 1. Table of values of relative rrors. 
(M1, N1) (M2, N2) 
Relative Error: Relative Error: 
(10,400) (20,1600) 0.00070 0.00069 
(20,1600) (40,6400) 0.00032 0.00032 
(40,6400) (80,25600) 0.00012 0.00012 
(80,25600) (160,102400) 0.00004 0.00004 
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6. NUMERICAL  SCHEME FOR THE 
ACT IVE  REGENERATOR MODEL 
For the active regenerator case, an AMR complete cycle consists of two isentropic (adiabatic 
magnetization/demagnetization) periods and two isofield (hot and cold blow) periods. Since there 
is no fluid flow during the adiabatic magnetization/demagnetization periods, the fluid volumetric 
flow rate, V(t) -- 0 and the coefficient of thermal dispersion, d --- 0. Then model (1),(2) reduces 
to the following form for the adiabatic magnetization a d demagnetization periods: 
OT/ h .a  . (Tm_T I )  + 1 0 [ OT/] 
o-7  = " ps  ' " b - - i  " . -SF  j ' (17)  
/ OTm h OT,~ h.  a (Tf - T,~) + OT~ dH 1 0 kin" (18) 
o-7- = -bW 0-7 
where dH -~- > 0 during the adiabatic magnetization period, and dH -~- < 0 during the adiabatic 
demagnetization period. Since the magnetic induction, H is constant during the hot and cold 
blow periods, ~ dH OH S " -Ti- = 0 in (2), that is the passive regenerator model case, considered in 
Section 3, where l? > 0 during the hot blow period, and V < 0 during the cold blow period. 
One of the difficulties encountered in this study is the calculation of values of the thermo- 
magnetic function of the material, ao-~ls, during the adiabatic magnetization and demagneti- 
zation periods. In order to calculate the values of ~o-~ls, we denote the magnetic material's 
temperature change due to adiabatic magnetization f the material from 0 Tesla to H Tesla by 
ATad(T init, H), where Ti_ n i t  is the temperature of the material before the magnetization (i.e., it 
is temperature of the material at 0 Tesla field). Now we define the temperature of the magnetic 
material, Tad m~g after the adiabatic magnetization f the material from 0 Tesla to H Tesla field 
as 
Tad  mag (Tinit H)  T init (T  init H)  (19) ~ , =-m +ATad~ m , , 
and the temperature of a magnetic material, Tad dem after the adiabatic demagnetization f the 
material from H Tesla to 0 Tesla field as 
Tad dem (Tin, H) = T.~ - ATad (T init H) k-m , (20) 
where T~ is the temperature of the material before the demagnetization. I  defining the Tad mag 
and Tad dem, we used the condition 
Tad dem (Tad mag (T init H) H) = Tinit 
k-m , , ~rn , (21) 
which expresses the final result of the adiabatic process: adiabatic magnetization f the magnetic 
material from 0 Tesla to H Tesla, and then adiabatic demagnetization from H Tesla to 0 Tesla. 
Now we use (19) to express the magnetic material's temperature, T~ = Tad(T~, H1,/-/2) after 
the adiabatic magnetization f the material from H = H1 Tesla to H =/-/2 Tesla field (H1,2 ~ 0, 
/-/2 > H1) 
7 .2 = Tad 1 ( ) Tinit (Tinit /-/2) (22) (r~n, Hi, 82) = Tad mag Tad dem (Tim, H1) H2 = -{- ATad , - rn  k-rn , , 
where T 1 is the temperature of the magnetic material before the magnetization f the material 
from H = H1 Tesla to H =/-/2 Tesla field, T~ it is the temperature of the magnetic material 
at H = 0 Tesla field. Similarly, we use (20) to define the magnetic material's temperature, 
T~ = Tad(T 2, H2, H1) after the adiabatic demagnetization f the material from H =/-/2 Tesla 
to H =/ /1  Tesla field (H1,2 ¢ 0,//2 > H1) 
Tlm~-Wad(T2m, H2, H1)=Tadmag(waddem(72, H2),H1)~-TinitWATad(Tinit-m k-m ,H1) , (23) 
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where T 2 is the temperature of the magnetic material before the demagnetization f the material 
from H = H2 Tesla to H = H1 Tesla. Now, °o~ls  in terms of (22) and (23) can be written as 
OTmoH s -  0ATad(T~it'0H ) s " (24) 
The approximation function of the adiabatic temperature change of the material (gadolinium), 
ATad(Tm, H), is obtained from experimental measurements [19] by using a least-squares surface 
fitting technique 
I 4310.173564. H 3 588.578822 • H 2 
ATad = ATa~(Tm, H) = exp 
( (g  - 3.5) 2 + 90) 3 ((H - 3.5) 2 + 90) 2 + 
0123815: 2 ] I (00001 TZ) 
+ 0.329036 x 10 -7 - (H - 8) 2 + 100J " Ln L(78"0 + (Tin - 294) 2) 
+10 -1° • (-0.189378 x 10 -3 • H 4 + 0.003168. H 3 - 0.008198. H 2 - 0.060684. H) • TSm 
+10 -T - (0.150082 x 10 -3 • H 4 - 0.002537. H 3 + 0.006807. H 2 + 0.047892- H) • T~ 4 
+10 -5 - (-0.330462 x 10 -3 - H 4 + 0.005632 • H 3 - 0.015342. H 2 - 0.108160. H) - Tm 3 
+10 -3 • (-0.279246 x 10 -3 .  H 4 + 0.005461 • H 3 - 0.028475. H 2 + 0.010751 - H) • T 2 
[ -14 .444964:H 3 _ 13.069536.H 2 3,151240.H ] 
+ [ ( (H_6 .5 )2+50)  3 ( (H_6 .5 )2+50)2  + (H_6 .5 )2+50 +0.130713 x 10 -SJ .Tin 
-0.022860341 • H 4 + 0.454699. H 3 - 5.425098. H 2 + 0.784941 •H~ 
% 
J 
I 
22.899314. H
(H-3.5)2+90 
(25) 
In (25), the Tm and H parameters of the approximation surface: 294.0, 78.0, 0.0001, 3.5, 90.0, 8.0, 
6.5, and 50.0 were found by numerical experiments, and the rest of the parameters were obtained 
by the least-squares surface fitting procedure. The class of approximating functions, such as 
rational, logarithmic, and exponential functions, was selected as result of mathematical intuition 
and numerical experiments. The value of R 2 for (25): R 2 = 90.95%, which indicates fairly good 
dependability of the fitted surface (25). The fitted surface (25) is illustrated in Figure 5. 
16: 
14i 
o8 
12! 
~ : 
o 4- 
Figure 5. The fitted surface of the adiabatic temperature change of gadolinium, 
AWad(Tm, H). 
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By using the fitted surface (25), the thermo-magnetic function of the material can be defined 
as  
OTmoH s - 0ATad0H_ s = exp{ATad(Tm, H)} 
12930.52069. H 2 12930.52069. H 3. (2. H -  7.0) 1177.157644. H 
x ((H - 3.5) 2 + 90) 3 - ((H - 3.5) 2 + 90) 4 - ((H - 3.5) 2 + 90) 2 
1177.157644. H 2. (2. H - 7.0) 22.899314 22.899314. H- (2 .  H - 7.0) -~ + 
((H - 3.5) 2 + 90) 3 (H - 3.5) 2 + 90 ((H - 3.5) 2 + 90) 2 
0.247624. H 0.123812-H 2. (2. H - 16) 1 ~" 0.0001. T2m 
(H-  8)2 + 100 -~ ( -~-~2+~ 3 "Ln\(Tm-294)2+78"O] 
+10 - l ° .  (-0.757513 x 10 -3.  H 3 + 0.009502. H 2 - 0.016397. H - 0.060684). 7~ 
+10 -7. (0.600330 x 10 -3. H 3 - 0.007610. H 2 + 0.013615- H + 0.047892). ~r4 (26) 
+10 -5. (-0.132185 x 10 -2. H 3 + 0.016896. H 2 - 0.030683- H - 0.108160) •Tam 
+10 -3 . (-0.111699 × 10 -2  • H 3 + 0.016384. H 2 - 0.056950- H + 0.010751) • ~r2~ 
-43.334893. H 2 43.334893. H 3. (2. H - 13.0) 26.139072-H 
+ ((H - 6.5) 2 + 50) 3 + ((H - -  6.5) 2 + 50)  4 - -  ((H - 6.5) 2 + 50) 2 
26.139072-H 2. (2. H - 13.0) 3.151240 3.151240. H .  (2--H -13.0~]__ "/ 
-~ ( (g_  6.5)2 +50)3 + (H_6.5)2 +50 - ( -~ ' -~.~+ 50) 2 j .Tin 
-0.091441 •H 3 + 1.364097- H 2 - 4.850197. H + 0.784941 / 
% 
I 
For a motionless fluid, the heat transfer coefficient between the fluid and bed, h, is calculated 
using well-established mpirical correlation from [16]. 
We use the numerical scheme developed in Section 3 to solve the AMR model for the hot 
and cold blow periods. We impose the same two boundary conditions on the AMR as in the 
passive regenerator case. We accept temperature profiles of the magnetic material and fluid 
throughout the bed at the end of the previous adiabatic magnetization and demagnetization 
periods, respectively. 
To solve numerically the AMR model for the adiabatic magnetization and demagnetization 
periods given by the system of highly nonlinear partial differential equations (17) and (18), we 
employ a finite-difference method. For simplicity, we use dimensionless patial coordinate, x, and 
chronological coordinate, t where x = Xold/L and t ---- told/P. 
To solve (17) and (18) numerically for the adiabatic magnetization period, we note that Tin,I" 
( -Ax ,  t) = Tcold and Tm,f (1 + Ax, t) -- Thor, where 0 < t < 1. At the beginning of the simulation, 
we assume the fluid and magnetic material have the same temperature profile throughout the 
bed defined by the linear formula: T,~,i(x , 0) = (Thor --Tcold)" x + T¢old, where 0 < x < 1. In (17) 
and (18), we use a standard two-point forward difference approximation formula for ~ a two- Dt , 
point central difference approximation formula for ~ and a three-point central difference Ox 
approximation formula to approximate ~ Then we explicitly solve (17) for TI(i, j + 1) ~x2 • 
and (18) for T,~(i,j + 1) to calculate values of Tm,f at grid points (i,j + 1), where Tmj(i,j) = 
Tm,f(xi,tj), xi = ( i -1 ) .  Ax, Ax = 1/M, tj = ( j -1 ) .  At, At = 1/g, i = 1 , . . . ,M+ 1, and 
j = 1 , . . . ,N+I .  
To solve (17) and (18) numerically for the adiabatic demagnetization period, we introduce a
new variable ~ = 1 - x, where 0 < x < 1. Then we apply the same technique as in the adiabatic 
magnetization period case. We accept emperature profiles of the magnetic material and fluid 
throughout the bed at the end of the previous hot blow period as initial ones for the adiabatic 
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demagnetization period. We assume the magnetic induction, H = H(t), is defined by the linear 
formulas: H(t)  = H* .  t and H(t)  = H* .  (1 - t), 0 < t < 1 for the adiabatic magnetization and 
demagnetization periods, respectively, where H* is given maximum value of H = H(t) .  
Calculations were carried out until the system reached a steady cyclic state. The system is 
considered to be in steady state if it satisfies condition (15), where 5 = 10 -6 ° K. 
7. COMPUTATIONAL RESULTS FOR 
THE ACT IVE  REGENERATOR MODEL 
Temperature profiles of the fluid and bed as well as efficiency of the regenerator a e obtained 
as a result of the computations, which were done in FORTRAN. Figures 7 and 9 show computed 
temperature profiles at equal time intervals (t = 0, 0.25, 0.5, 0.75, 1) over the last hot and cold 
blow periods, respectively. The uppermost (lowermost for the cold blow period) profile shows 
the bed at the start of the last hot blow period, and lower (upper) profiles in succession show 
successively later time intervals with the lowest (highest) profile representing the bed at the 
end of the last hot blow period. Figures 6 and 8 show computed temperature profiles over the 
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Figure 6. Bed temperature profile over the last adiabatic magnetization period. 
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Figure 9. Bed temperature profile over the last cold blow period. 
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Figure 10. Bed temperature profile over the last AMR complete cycle. 
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last adiabatic magnetization and demagnetization periods, respectively. In Figure 6, the lower 
and upper profile show the bed at the start and end of the last adiabatic magnetization period, 
respectively. Similarly, in Figure 8, the upper and lower profile show the bed at the start and end 
of the last adiabatic demagnetization period, respectively. Figure 10 shows computed temperature 
profiles over the last AMR complete cycle, where curve "1" represents the temperature profile 
of the bed in the beginning of the last AMR complete cycle and curve "2"-"5" represent the 
temperature profiles of the bed at the end of the adiabatic magnetization, hot blow, adiabatic 
demagnetization, and cold blow periods, respectively. 
In this sample problem, the hot and cold fluid flow periods are 3.0 s and the adiabatic magne- 
tization and demagnetization periods are 1.0 s. The temperature of the cold and hot reservoirs 
are 280 ° K and 300 ° K, respectively. The number of grid points is 81 x 25601 (M = 80 and 
N = 25600). The volumetric fluid flow rate is 0.0001 m3/s. The bed length and cross-section 
area are 0.1 m and 0.08 m 2, respectively. The density of the magnetic material (gadolinium) is 
7901.0kg/m 3 and the particle size is 0.0002m. The bed porosity is 0.35. The thermal conduc- 
tivity of the magnetic material is l l .0W/ (m-K) .  The maximum field's strength is 5.0 Tesla. 
For this sample problem the steady cyclic state is reached after 393 AMR complete cycles. The 
efficiency of the AMR is 98%. 
8. CONVERGENCE AND STABIL ITY  OF  THE 
SCHEME OF  THE ACT IVE  REGENERATOR MODEL 
The performance of the numerical scheme for stability and convergence is analyzed in a similar 
manner as in Section 5. Table 2 shows numerical convergence of the scheme in the sense of (16). 
Another aspect of the analysis of the performance of the numerical scheme is the sensitivity 
of the scheme to the initial conditions. In Section 6, we mentioned that at the beginning of 
the simulation we assume the fluid and magnetic material have the same temperature profile 
throughout the bed defined by the linear formula: Tin,f (x, O) : (Thor --T¢old)" x + Tcold, where 
0 <_ x <_ 1. In general, the initial condition is not necessarily defined by the linear formula. 
It could be assumed that the fluid and magnetic material have the hot reservoir's temperature 
throughout bed: Tin,f (x, O) = Thor, 0 < x < 1. In that case, the scheme still should converge 
to the same numerical solution obtained with previous initial condition, perhaps with a different 
number of AMR complete cycles required to reach a steady state cycle. To test the independence 
of the numerical solution from the initial condition in the above explained sense, we numerically 
solved (1) and (2) with the initial conditions defined by the formulas: Tm,y(x,O) = (Thot -- 
Tcoid) • x + Tcold, and Tm,y(x,O) = Thot, 0 < x _< 1. Then we calculated the corresponding 
relative errors given by (llT,~*f -T~,fll)/ l lT*,yll, where T~, I and T~*,f are the temperatures of 
the magnetic material and fluid at the last cold blow period obtained by using the first and 
second initial conditions, respectively. The steady cyclic state was reached after 393 and 423 
AMR complete cycles for the first and second cases, respectively, and the calculated relative 
error was 0.2433496 × 10 -7, which verifies the independence of the numerical solution from the 
initial conditions. 
Table 2. Table of values of relative rrors. 
(M1, N1) (M2, N2) 
Relative Error: Relative Error: 
(10,400) (20,1600) 0.0038 0.0037 
(20,1600) (40,6400) 0.0010 0.0010 
(40,6400) (80,25600) 0.0005 0.0005 
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9. CONCLUSION 
Computational results show that the passive regenerator possesses nearly linear profiles at 
steady-state operating conditions, with only some deviations due to end effects (Figure 4). These 
numerical computations demonstrate good agreement with the experimental results obtained 
in [20,21], indicating the validity of the passive case of the AMR model, (1),(2), and the numerical 
scheme of Section 5. 
The technique of calculation of values of the thermo-magnetic function of the magnetic material 
through the values of the adiabatic temperature change of the material is developed and a good 
approximation surface for the adiabatic temperature change of the material is obtained. 
The numerical scheme for the computer simulations of the active magnetic regenerator is 
developed and its performance analyzed for stability and convergence. 
Currently, we are working on developing and solving an optimization problem to obtain the 
optimal design parameters of the AMR such as the bed length, L, the time period of the flow 
in either direction, P, and the volumetric flow rate of the fluid, I?. It is expected that the 
results of the optimization problem would lead to the design of a highly efficient active magnetic 
regenerative r frigerator. 
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